Transforming growth factor beta (TGF-b) signaling leads to a number of biological end points involving cell growth, differentiation, and morphogenesis. Typically, the cellular effect accompanies an induction of mesodermal cell fate and inhibition of neural cell differentiation. However, during pathological conditions, these defined effects of TGF-b can be reversed; for example, the growthinhibitory effect is replaced with its tumor promoting ability. A multitude of factors and cross-signaling pathways have been reported to be involved in modulating the dual effects of TGF-b. In this review, we focus on the potential role of TGF-b signal transduction during development of neural progenitor cells and its relation to glioblastoma development from neural stem cells.
Introduction
Transforming growth factor beta (TGF-b) and its signaling pathways are frequently involved in cell growth, embryogenesis, differentiation, morphogenesis, extracellular matrix formation, wound healing, immune response, and apoptosis in a wide variety of cells including epithelial cells (Roberts and Sporn, 1993; Gold, 1999; Bottner et al., 2000) . TGF-b belongs to a superfamily of proteins that include activins, inhibins, bone morphogenetic proteins (BMP), veg-1, the Drosophila decapentaplegic complex, and Mullerian-inhibiting substance (Massague, 1998) . The receptors for TGF-b (TbRs) are expressed in almost every mammalian cell type, including cancer cells (Massague et al., 1992; Massague and Weis-Garcia, 1996) . TbRI and -II are serine-threonine protein kinases that form complexes and phosphorylate the Smad transcription factors (Derynck, 1994; Hayashi et al., 1997) . The only known function for the type II receptor is to activate the type I receptor (Wrana, 2000) . In response to TGF-b, two TbRI receptor-associated Smads, Smad2 and Smad3, become phosphorylated and activated by TbRI kinase. After activation, Smads form a heterodimeric complex with the common mediator Smad, Smad4, and translocate to the nucleus to participate in the transactivation of specific target genes . Several adaptor proteins belonging to the cytoskeletal proteins can modulate signaling pathways (Nelson and Veshnock, 1986; De Matteis and Morrow, 2000; Bennett and Baines, 2001) . Our laboratory has demonstrated that TGF-b triggers phosphorylation and association of elf (embryonic liver fodrin), a b-spectrin gene, with Smad3 and Smad4 resulting in nuclear translocation (Tang et al., 2003) . ELF deficiency in mice results in mislocalization of Smad3 and Smad4 truncating TGF-b signaling and transcriptional response. Abnormal development of primary brain vesicles occurs along with liver, heart and gastrointenstinal defects in early embryos of elf mice.
Stem cells are self-renewing progenitor cells with the capacity to generate multiple differentiated derivatives (Morrison et al., 1997) . In developing embryos, tissues and organs are derived from stem cells de novo. However, in adults the stem cells undergo continuous cellular turnover providing regenerative capacities in certain tissues. Different categories of stem cells with different self-renewal and developmental capacities have been described in different tissues and at different stages of development . Some of the hallmarks of the stem cells are (1) inhibition of overt differentiation, (2) maintenance of proliferative capacity, (3) maintenance of pluripotency, and (4) asymmetrical cell division. However, inhibition of differentiation does not necessarily maintain pluripotency; for example, in the central nervous system, Notch signaling pathway inhibits neuronal differentiation but stem cells do not remain multipotent (Ohtsuka et al., 1999) . In practice, one of the ways of defining stem cells is the differentiation-or lineage potential. In doing so, it is also important to reference its temporal and spatial context which could define the growth factor/hormonal inductive influences. Thus, dopaminergic and serotonergic precursor cells in later stages of raphe development, as well as muscle precursor cells bearing MyoD in paraxial mesodermal somites at an earlier stage, are dependent on TGF-b for survival and differentiation into the next stage of development. In each type of precursor cells, depending upon the stage of development, TGF-b exhibits variable biological effects. This is exemplified by the concept of the 'stem cell niche' that provides the appropriate inductive microenvironment. Skin-derived precursors, but not the neuronal precursor cells examined in one study, proliferate as neurospheres under the influence of TGF-b in combination with epidermal growth factor (EGF) and bFGF (Kawase et al., 2004) . Jun protein, which is a member of the heterodimer AP1 transcriptional factor, interacts with BMP4 in antineuralizing the effect in xenopus neurogenesis and suppresses neural maintenance after stage 13 only if it is expressed from stage 11 onwards (Peng et al., 2002) . During cerebral cortical development, radially migrating ventricular zone cells give rise to glutamatergic cortical cells influenced by BMP, while tangentially migrating ventral forebrain stem cells respond to SHH-mediated activation of transcriptional factor Olig2 and Mash1, and develop into GABAergic inhibitory neurons and oligodendrocytes (Yung et al., 2002) . Neural crest stem cells (NCSC) under the influence of NGNs and MASH 1 produce only autonomic cells. In contrast, peripheral nerve stem cells produce sensory neurons under the influence of NGNs and autonomic neurons under the influence of MASH1 (Lo et al., 2002) , a further example of stem cells obeying local rules.
Stem cell phenotype concludes with asymmetric division and postmitotic differentiation of one or both daughter cells. In some situations, this occurs a few hours after embryogenesis as in postmitotic neuronal specification of primary motor spinal neurons 12 h after the start of embryogenesis in the zebra fish. Nucleostemin, a nucleolar protein, increases in concentration before stem cell division. Its GTP-binding domain appears necessary for cells to enter mitosis. Mutation of this domain not only prevents stem cell mitosis but it also leads to p53-dependent apoptosis of stem cells .
Patterning and growth may be linked by BMPs, which are members of the TGF-b family, to generate dorsal neural fate in the developing neural tube: WNT signals appear to be important for proliferation of neuronal progenitors following fate specification by BMP (Chesnutt et al., 2004) .
TGF-b and Neural Stem Cells (NSCs)
Studies during the past decade have established that members of TGF-b superfamily play a critical role in morphogenesis and cell lineage specification during brain development (Schier and Talbot, 2001; MunozSanjuan and Brivanlou, 2002) .
BMP2 subfamily, including BMP2 and BMP4, is involved in gastrulation, and neurogenesis, and BMP5 participates with BMP4 in neurogenesis.
The initial spotlight on the role of TGF-b superfamily demonstrated that Activin could induce mesoderm in animal caps. The default neural fate could be induced in animal cap tissue obtained from the blastula stage of embryos by transfecting a mutant activin type II receptor that binds activin and dimerizes but fails to phosphorylate the type I receptor, thereby interfering with Activin signaling.
In serum-free cultures of rat E14 embryonic raphe, TGF-b2 increased the number and relative proportion of tryptophan hydroxylase immunoreactive cells, indicating a role in serotonergic cell development (Galter et al., 1999) . Murine neural crest (Sieber-Blum and show reduced proliferation and increased proportion of SSEA-expressing sensory neurons and pigmented DBH-expressing cells in the presence of TGF-b. NCSC migrate to several sites, but only under the influence of TGF-b are they able to differentiate into non-neural tissue (Wurdak et al., 2005) . Calcineurin signaling may be an intermediate step induced by TGF-b which leads to adoption of smooth muscle phenotype in NCSC (Mann et al., 2004) . Starting with Monc 1, a smooth muscle precursor cell line, it has been possible to generate a smooth muscle phenotype including contractile phenotype using TGF-b. Smads 2 and 3 have been shown to be important in the signaling by TGF-b in this model (Chen et al., 2004) . SOX10 preserves glial and neuronal potential from extinction by lineage commitment signals acting upon neural crest stem cells, requiring induction of MASH and PHOX2b, two neurogenic transcription factors (Kim et al., 2003) . Rat olfactory cell neurogenesis appears to be critically dependent upon FGF2 and TGF-b sequentially (Kawauchi et al., 2004) . Blocking Smad4 might not be sufficient to block mesenchymal fate in embryonic stem (ES) cells, but does promote neuronal fate (Sonntag et al., 2005) . Spinal cord neurogenesis is promoted by inhibition of BMP signaling through expression of Noggin (Setoguchi et al., 2004) . Extraembryonic endodermal fate of stem cells is inhibited and neuronal precursor fate is induced in other experimental systems by similar inhibition of signaling by BMP2 using noggin expression (Pera et al., 2004) . Two reports suggest that specific precursors could turn towards astrocytic lineage under the influence of BMP or TGF-b: cerebellar granule cell precursors that express GFAP and S100 under the influence of BMP2 (Okano-Uchida et al., 2004) , and astrocytic precursors that are induced to express cystatin C by TGF-b (Kumada et al., 2004) . Branchial arch ectomesenchyme-derived stem cells are maintained in an undifferentiated state with Leukemia Inhibitory Factor and induced to differentiate along neuronal lineage by TGF-b, while the other lineage induction requires additional factors (Deng et al., 2004) . Neural tube pattern formation is dependent upon stem cell differentiation and establishment of discrete WNT responsive domains by BMP and TGF-b (Chesnutt et al., 2004) .
Several other inducers of neural fate have been suspected for over 10 years. These include FGF, which suppresses cranial markers in the xenopus embryo and induces caudal markers. Others include Notch and other bHLH factors whose relationship to TGF-b in neural cell fate determination remains unknown.
The role of TGF-b in mammalian neuronal development and/or survival is demonstrated by the fact that a large increase in the cerebellar Purkinje cell number occurs in mouse Smad4 mutants. Furthermore, the mouse TGF-b mutants show highly increased neuronal apoptosis, and a TGF-b family member (BMP9) controls cholinergic differentiation of mouse spinal cord and septal neurons (Lopez-Coviella et al., 2002; Brionne et al., 2003; Zhou et al., 2003) .
A common theme may be imagined from the combined data of several laboratories summarized above: TGF-b TGF-b, NSCs and glioblastoma N Golestaneh and B Mishra mediation stimulates lineage commitment in precursor cells (LCSC). The corollary that also appears to be borne out by experiments is that lineage-uncommitted stemcell/precursor phenotype (LUSC) persists in the absence of TGF-b stimulation, provided other growth factors such as bFGF are able to sustain proliferation and overcome apoptosis. The phenotype of elf À/À mice in whom TGF-b signaling is disrupted does show that proliferation of precursor cells occurs without acquiring lineage-specific phenotypic markers such as b-tubulin and nestin. This observation is consistent with the schematic of TGF-b involvement in neural precursor cell biology.
However, ES cell-derived neurogenesis does not entirely depend on functional Smad4, indicating that other factors, such as cell-cell contact, the cellular environment, and other signaling molecules, are involved in the process (Sonntag et al., 2005) . The existence of multipotential, self-renewing NSCs in adult mammalian brain re-emerged in the past decade (Gage, 2000; Anderson, 2001; Temple, 2001; Gage, 2002; , confirming an earlier report on neurogenesis in the adult brain (Gross, 2000) . The concept of the cancer stem cells appeared from the observation of remarkable similarities between the self-renewal patterns of stem cells and cancer cells (Reya et al., 2001; Pardal et al., 2003) . Normal somatic stem cells self-renew and differentiate with a strict balance between the two directives, and cancer originates as a result of unregulated self-renewal (Reya et al., 2001) . The longevity of the NSCs may allow for accumulation of genetic mutations rendering the self-renewal mechanism itself to be a primer to creating a cancer cell. Therefore, NSCs and their proliferating progenitors warrant further investigation during brain tumorigenesis. Mutations that dysregulate the pathways that control normal stem cell self-renewal (for e.g., sonic hedgehog pathway) cause brain tumors, underscoring the mechanistic similarities between normal stem cell and cancer cell self-renewal (Dahmane et al., 2001; Ruiz i Altaba et al., 2002; Pardal et al., 2003) . Also, pediatric brain tumors are reported to contain stem-like cells that have the ability for sphere formation, self-renewal, and multipotential differentiation (Hemmati et al., 2003) .
Recent reports elucidate a role of stem cells in brain tumor development. Glioblastoma (GB) is the most common intrinsic malignant brain tumor with a high aggressive and a strong infiltration growth. Excessive proliferation, diffuse infiltration of surrounding brain tissue, and suppression of antitumor immune surveillance contribute to the malignant phenotype of gliomas (Weller and Fontana, 1995) . Silencing of TGF-b expression by small interfering RNA (siRNA) technology has been reported to abrogate glioma cell tumorigenicity in vivo (Friese et al., 2004) .
TGF-b as the Tumor Suppressor, and Glioblastoma
TGF-b has a role in arresting cell growth through two mechanisms (Gold, 1999) : (1) it inhibits the expression of cyclin-dependent kinases (cdks) (Johnson et al., 1993) and (2) it downregulates cdk activity through induction of cdk inhibitors, p15, p27, and Cip/WAF1/p21 (Moses and Serra, 1996; Heldin et al., 1997; Attisano and Wrana, 1998; Sporn, 1999; Massague et al., 2000; Hu and Zuckerman, 2001; Matsuura et al., 2004) . This downregulation results from Smad-mediated transcriptional activation that is pivotal for cell cycle arrest and inhibition of cell proliferation by TGF-b (Figure 1) . A proteasome inhibitor, PS-341, causes cell growth arrest and apoptosis in human GB that are accompanied by increased levels of p21 WAF1 , p27 KIP1 , cyclin B, and decreased expression of CDK2, CDK4, and E2F4 in a p53-independent fashion (Yin et al., 2005) . One common feature of human GB is a hyperactive NF-kb pathway (Hayashi et al., 2001; Nagai et al., 2002) . PS-341 treatment results in a decrease in NF-kb nuclear activity and activation of JNK (Yin et al., 2005) that could lead to apoptosis (Wang et al., 1998; Hideshima et al., 2003; Yang et al., 2004) .
Disruption of TGF-b signaling occurs in all pancreatic cancers (Goggins et al., 1998; Villanueva et al., 1998) and colon cancers (Grady et al., 1999) . Increased hepatocyte proliferation, decreased apoptosis in the lung and liver (Tang et al., 1998) , and accelerated mammary epithelial proliferation and ductal outgrowth in response to hormones (Barcellos-Hoff and Ewan, 2000) are characteristics of the TGF-b I À/À mice. A 10 bp polyadenine repeat within the TbRII sequence encoding a part of the extracellular domain (referred to as the BAT-TbRII track) results in a frameshift and a truncated, inactive TbRII product (Markowitz et al., 1995) . BAT-TbRII mutations are found in subsets of colon cancers, gastric cancers, and gliomas with microsatellite instability (Markowitz et al., 1995; Myeroff et al., 1995; Izumoto et al., 1997) . However, Smad mutation has not been reported in GB.
TGF-b as the Tumor Promoter, and Glioblastoma
Although known for its growth-inhibitory function in epithelial tissues, TGF-b is both a suppressor and a promoter of tumorigenesis (Cui et al., 1996; Akhurst and Derynck, 2001; Derynck and Zhang, 2003) . Its tumorsuppressive function is lost in many tumor-derived cell lines (Reiss, 1997 (Reiss, , 1999 . The malignant phenotype of transformed and tumor-derived cells in culture is activated further by TGF-b. Furthermore, advanced tumors show high levels of TGF-b expression (Gold, 1999) . The secondary role of TGF-b other than its tumor-suppressive activity may, possibly, be due to its effect in enhancing cell migration, thereby promoting cellular invasion (Cui et al., 1996; Oft et al., 1996; Yin et al., 1999) . The ability of TGF-b to induce epithelial to mesenchymal transition that is simultaneous with a downregulation of cell adhesion proteins may also contribute to cell migration and metastasis (Oft et al., 1996) (Figure 2) .
Deregulation of growth factor and growth factor receptor expression is one of the characteristic features of the GBs. Overexpression of constitutively active mutated receptors of the epidermal growth factor (EGF) ( , production of high amounts of the vascular endothelial growth factor (VEGF) (Mentlein et al., 2001) , and enhanced expression of the TGF-b2 isoform (Bodmer et al., 1989) and of TbRI and TbRII (Yamada et al., 1995) occur in GBs (Figures 2, 3 ). Resistance to growth inhibition can be detected in malignant glioma cells with functionally active TGF-b receptors (Isoe et al., 1998) . In 5/6 glioma cell lines, TGF-b decreases the expression of p27 (Isoe et al., 1998) . There is evidence that TGF-b alters collagen synthesis, integrin expression, cell adhesion to reconstituted basement membrane, and invasiveness among cultured gliomas (Merzak et al., 1994; Paulus et al., 1995) . Its effect on tumor progression by modulating the extracellular matrix may also be synergized by induction of the proto-oncogene c-sis and/or the PDGF receptor b subunit in the gliomas (Plate et al., 1992) . In contrast, a recent report shows that EGFR but not PDGFRb correlates with cell proliferation in GB (Halatsch et al., 2003) . Thus, the tumor promoting activity of TGF-b seems to be a fundamental target in human glioma cell malignancy.
Role of TGF-b as a Negative Regulatory Cytokine in Glioblastoma
An important physiologic role of TGF-b within the brain appears to be termination of the glial proliferative response to injury and/or cytokine-induced stimulation (Lindholm et al., 1992; da Cunha et al., 1993) . Among quiescent newborn rat cerebral glia, serum induction of DNA synthesis is delayed and attenuated by TGF-b1. TGF-b1 and also TbRI and -II are expressed only in malignant gliomas rather than in normal brain, gliosis, or low-grade astrocytomas (Samuels et al., 1989; Horst et al., 1992; Yamada et al., 1995) . The expression level of TGF-b is indirectly correlated with survival among malignant glioma patients. Similar opposing effects, growth inhibitory and promotive are also displayed by the oncogenic Ras that induce differentiation in parallel with the cessation of cell division and DNA synthesis in rat pheochromocytoma and human medullary thyroid carcinoma cells (Bar-Sagi and Feramisco, 1985; Nakagawa et al., 1987) .
Conversion of TGF-b from a Growth Inhibitor to a Mitogen in Hyperdiploid Glioblastoma (HD-GB)
Endogenously produced and activated TGF-b functions as a growth inhibitor of near-diploid gliomas, which is reversed by the addition of anti-TGF-b-neutralizing antibodies. However, HD-GB cultures are stimulated by exogenous TGF-b in monolayer culture and display enhanced anchorage-independent clonogenicity. This mitogenic response to TGF-b is associated with marked anaplasia and karyotypic divergence, although no correlation exists between TbR loss and subtype expression (Jennings et al., 1991) . In medulloblastoma, primitive neuroectodermal tumor and ependymoma cultures hyperdiploidy are associated with mitogenic stimulation by TGF-b (Jennings et al., 1994) . In the near-diploid GB controls, TGF-b induces only the RNA of PDGF-A and TGF-b, whereas the proto-oncogene DNA synthesis among the HD-GM cell lines, indicating that PDGF serves as the principal, if not only, mediator of TGF-b's growth stimulatory effect (Jennings et al., 1997) .
TGF-b and ELF (a b-spectrin)
Spectrin is a tetrameric actin crosslinking protein and is comprised of two a and two b subunits. Two genes for a-spectrin (Riederer et al., 1986; Goodman et al., 1995; Ziemnicka-Kotula et al., 1998) and five for b-spectrin have been identified to date in both mice and humans, each of which is alternatively spliced to produce multiple spectrin isoforms (Bennett et al., 1982; Birkenmeier et al., 1988; Gallagher and Forget, 1993; Goodman et al., 1995) . A novel bG-spectrin lacks the C-terminal pleckstrin homology (PH) domain that is characterized by elf 1, 2, 3, and 4 (Mishra et al., 1998 (Mishra et al., , 1999 Hayes et al., 2000) . Spectrin levels are elevated after gastrulation suggesting a role in cell fate determination (Moon and McMahon, 1987) . ELF has been found to be a neuronal precursor cell marker in the developing mammalian brain (Tang et al., 2002) . ELF is expressed in cell bodies as well as dendrites and initial axon segments, and in this sense is unique in its expression pattern from spectrin G and brain spectrin (Goodman et al., 1995) . Spectrin G is present in axons and, to a lesser extent, in neuronal cell bodies but not in dendrites (Riederer et al., 1986) , while ELF is expressed in both cell types. Brain spectrin (bR), an alternatively spliced form of erythrocyte spectrin, is localized to the perikaryon, dendrites (like ELF/bG), and also glial precursor cells. The expression pattern of ELF is more similar to bR and the brain isoform of bG, which is in keeping with its cDNA structure (Mishra et al., 1999) .
Disruption of the adaptor protein ELF leads to the disruption of TGF-b signaling by Smad proteins in mice. Elf À/À mice exhibit a phenotype similar to Smad2
þ /À mutant mice of midgestational death due to gastrointestinal, liver, neural, and heart defects. TGF-b triggers phosphorylation and association of ELF, possibly by inducing a conformational change, with Smad3 and Smad4, followed by nuclear translocation. In contrast, ELF associates with two known spectrin-binding structural proteins, ankyrin B and tropomyosin, only in the absence of TGF-b1. Elf deficiency results in mislocalization of Smad3 and Smad4 and loss of the TGF-b-dependent transcriptional response, which can be rescued by overexpression of the C-terminal region of ELF. These results establish a novel link between a major dynamic scaffolding protein and the TGF-b signaling pathway.
Recent observations from this lab suggest that ELF3, a novel b-spectrin, is important for brain development from an early stage (Tang et al., 2002) . Its striking localization to the axon hillock and axonal projection is consistent with its known involvement in axonal guidance as well as cell polarization (Dubreuil et al., 2000; Hammarlund et al., 2000; Moorthy et al., 2000) .
ELF also appears to be a marker of Purkinje cell precursors in the cerebellum and could play a direct role in these processes of brain development through its involvement in cytoskeletal architecture, based on the appearance of the labeled cells. These observations are supported by the fact that spectrin comprises approximately 2.4% of total structural protein in mammalian brain homogenates (Davis and Bennett, 1983) and is involved in the organization of presynaptic vesicles (Sikorski and Goodman, 1991; Sikorski et al., 2000) , as well as in axonal transport (Levine and Willard, 1981) .
Subcellular colocalization of ELF with nestin suggests a potential role of ELF in neuronal stem cell biology, since nestin is a neurofilament protein expressed in neuronal precursor cells, as well as in radial glial cells (Dahlstrand et al., 1995) , in neuritis, and growth cones of primary cerebellar granule cells signifying its role in growth cone guidance during axon elongation. Microinjections of N-terminal domain-specific antib-spectrum antibody inhibits neuritis extension in neuroblastoma cells (Sihag et al., 1996) .
Summary
In a normal cell, multiple cell signaling pathways work in concert. The cell functions normally until either genetic mutations or change in the cell microenvironment results in a shift in the balance leading one or more signaling pathways to accept alternative courses other than the defined ones. For example, TGF-b signaling pathways can be Smad dependent or independent (Akhurst and Derynck, 2001; Derynck and Zhang, 2003) . Instead of traditional Smad pathways that terminate in a growth inhibitory effect, TGF-b can deviate upstream of the Smad phosphoryaltion to activate several other signaling pathways, such as MAPK (Ras-Erk) and SAPK (Rho-JNK, TAK1-p38 kinase), activating a subset of an altogether different target genes that could lead to proliferation or transformation. Another such example is observed in EGFR function in response to EGF. Proliferation of the A431 human squamous carcinoma cell line that expresses high numbers of the EGF receptor (EGFR) is actually inhibited by EGF treatment as a consequence of activation of the EGFR's tyrosine kinase induction of the Cdk inhibitor, p21 WAF/CIP1 instead of the defined EGF-EGFR-Ras-Erk activation . In the NSCs, TGF-b could use the conventional Smad pathway, where ELF remains a major participant (Tang et al., 2003) that would translate into growth inhibition. On the other hand, if already primed for transformation due to a changed microenvironment or mutation, it might preferentially use the TGF-b-MAPK or TGFb-SAPK pathway to enhance proliferation (Derynck and Zhang, 2003) . In the latter case, whether ELF would play any role remains to be elucidated. Defined signaling pathways remain accessible to stem cells throughout development (Tsai and McKay, 2000; Panchision et al., 2001; Rajan et al., 2003) , challenging these cells to make choices regarding fate and self-renewal (Hitoshi et al., TGF-b, NSCs and glioblastoma N Golestaneh and B Mishra 2002; Panchision and McKay, 2002) . The direction of tumor development may be determined by the age of the NSCs, among other factors. In older cell populations, possibly a genetic change would prime it toward tumorigenesis and a lateral, divergent TGF-b-MAPK pathway instead of TGF-b-Smad pathway might acquire preference. However, in younger stem cell or progenitor cell populations, the reverse could be the case. This scenario might explain the dual effect, an earlier tumor-suppressive and a later tumor-enhancing property of TGF-b; the former is a case of normal homeostasis characterized by the TGF-b-Smad linear signaling cascade, while the latter comprises a nonlinear crosssignaling to synergize with the stronger proliferative pathways (e.g., Ras-Erk pathway) in abnormal cells like in the GBs.
In the stem cells, Smad4 is dispensable for neuronal specification (Sonntag et al., 2005) implicating that there are other mechanisms that compensate for some of TGF-b's signaling impact. As for ELF, in younger stem cell populations, its contribution in propagating TGF-b signals would allow the cells to divide and differentiate at a normal rate, while its deficiency may be conducive for cell proliferation and, therefore, maintaining the stem cell-like properties. Whether the resulting NSC proliferation would lead to tumor-like GB may depend on multiple factors, especially, the cellular microenvironment and the age of the NSC. Based on the late onset of a synergistic role of TGF-b in tumorigenesis, although elf-deficient mice (in case of a conditional knock out for postnatal elf deletion or surviving heterozygotes) although would be expected to harbor a higher number of NSCs during early development, a predisposition toward brain tumor occurrence later in life seems plausible (Figure 3) . Whether ELF's participation in TGF-b signaling alone and/or its possible involvement in other signaling processes are key to the maintenance of the NSCs demands further investigation.
